Purpose A considerable weakness of current clinical decision support systems managing drug-drug interactions (DDI) is the high incidence of inappropriate alerts. Because DDIinduced, dose-dependent adverse events can be prevented by dosage adjustment, corresponding DDI alerts should only be issued if dosages exceed safe limits. We have designed a logical framework for a DDI alert-system that considers prescribed dosage and retrospectively evaluates the impact on the frequency of statin-drug interaction alerts. Methods Upper statin dose limits were extracted from the drug label (SPC) (20 statin-drug combinations) or clinical trials specifying the extent of the pharmacokinetic interaction (43 statin-drug combinations). We retrospectively assessed electronic DDI alerts and compared the number of standard alerts to alerts that took dosage into account. Results From among 2457 electronic prescriptions, we identified 73 high-risk statin-drug pairs. Of these, SPC dosage information classified 19 warnings as inappropriate. Data from pharmacokinetic trials took quantitative dosage information more often into consideration and classified 40 warnings as inappropriate. This is a significant reduction in the number of alerts by 55% compared to SPC-based information (26%; p<0.001). Conclusion This retrospective study of pharmacokinetic statin interactions demonstrates that more than half of the DDI alerts that presented in a clinical decision support system were inappropriate if DDI-specific upper dose limits are not considered.
Introduction
Clinical decision support (CDS) systems have been developed to safeguard physicians' actions in a myriad of clinical situations, including the prescription of combination therapy and, consequently, the prevention of drug-drug interactions (DDI) [1] . The identification of DDI is a relevant task for CDS systems because of the shear number of combinations confronting physicians when prescribing more than one drug to a patient. For example, the co-administration of ten drugs will result in 45 drug pairs, all of which have to be scrutinized for potential adverse DDI. Current CDS systems have a number of inherent weaknesses, of which the most important are questionable clinical relevance and the low specificity of presented alerts, which result in a low acceptance by users in routine practice [2] . The presentation of DDI alerts classified by severity has recently been shown to improve user adherence [3] . In order to further enhance the specificity of alerts, we developed a strategy to hold back inappropriate pharmacokinetic DDI alerts in an attempt to personalize alerts more comprehensively to the actual patient situation.
The DDI may alter drug concentration (pharmacokinetic DDI) and thus the exposure of the patient to a drug by orders of magnitude [4] . Because both the safety and the effectiveness of a drug are concentration-dependent, DDI are a major modulator of treatment response, leading to nonresponse or (sometimes fatal) toxicity. Therefore, dose adjustment in these situations is critical.
HMG-CoA-Reductase inhibitors (statins) are widely used and generally well tolerated. They may, however, induce elevated liver enzymes or myopathy, ranging from diffuse muscle pain to potentially fatal cases of rhabdomyolysis. Even though the mechanism leading to myopathy has still not been fully elucidated, considerable evidence suggests that myotoxicity is a dose-and concentration-dependent adverse statin reaction (ADR) [5] that can affect almost any patient if concentrations are high enough [6] or if exposure is increased as a consequence of inhibition of their metabolism by comedication [7] . However, if doses are adjusted appropriately, even potentially dangerous drug combinations can safely be administered [8, 9] .
According to their clearance pathways, individual statins are susceptible to DDI with inhibitors of cytochrome P450 (CYP) 3A4 (simvastatin, lovastatin, atorvastatin), CYP2C9 (fluvastatin), P-glycoprotein (pravastatin [10] ), or inhibitors of hepatic uptake transporters (pravastatin, rosuvastatin [11] ). As an example, cyclosporine may modify statin kinetics by inhibiting its uptake by the liver [via organic anion transporting peptide (OAPT) 1B1], by p-glycoprotein inhibition, and probably by competitive inhibition of metabolism at CYP3A4 [12] . The development of rhabdomyolysis has indeed been reported for all combinations except fluvastatincyclosporine and rosuvastatin-cyclosporine (not yet marketed at the time of the study) [13] .
Dosage recommendations for specific DDI are occasionally-albeit rarely-found in the official information sources, such as the drug label [summary of product characteristics (SPC)]. The aim of our study was therefore (1) to extract upper dose limits from pharmacokinetic studies that reported drug exposure with and without DDI, (2) to validate this approach by comparison with upper dose limits provided by the SPC, and (3) to evaluate the impact of considering these individual upper dose limits on the frequency of DDI alerts in a CDS system. We also suggest constraints for the transferability of the proposed method to other metabolic DDI.
Methods
We investigated all currently marketed statins in Germany (atorvastatin, fluvastatin, lovastatin, pravastatin, rosuvastatin, and simvastatin).
Maximum recommended therapeutic dose (MRTD) values for specific DDI were compiled from SPCs (MRTD DDI_SPC ) and pertinent pharmacokinetic studies (MRTD DDI ).
Deduction of MRTD DDI values from pharmacokinetic studies
Pharmacokinetic interaction studies with oral drug administration were identified in MEDLINE and EMBASE using a search strategy with the key words: "Name of the statin" [substance name] AND "pharmacokinetics" [Subheading] AND "drug interactions" [MeSH] . In addition, articles of interest were screened for further references. We excluded case reports, in vitro studies, and animal studies. From suitable DDI trials we extracted the dosages of both interacting active drugs, the number of patients, and the basic pharmacokinetic parameters, including the area under the plasma concentration-time curve (AUC) of the active statin form before and during the interaction.
For oral drugs administered as an immediate release formulation, the AUC is directly proportional to the maintenance dose (D) provided that bioavailability (F) and clearance (Cl) are constant (linear kinetics) (Eq. 1).
A pharmacokinetic DDI can modify drug clearance by inhibiting or inducing the elimination process or alter bioavailability by affecting the absorption in the gut or pre-systemic (first-pass) elimination, or both, and consequently alter AUC. Accordingly, the ratio of the AUC, determined in the absence (AUC mono ) and presence of the interaction (AUC DDI ), reflects the extent of dosage adjustment (f DDI ; Eq. 2) required to maintain exposure within safe and effective limits.
If a statin combination was evaluated in several (n) independent studies, f DDI was calculated using weighted AUC changes considering the number of individuals (i) in each of the studies (Eq. 3). Data were only pooled if the administered dosages and dosage frequencies of both the statin and the co-administered interacting compound were identical and study participants were comparable (i.e., either healthy individuals or patients were studied).
To consider the impact of the DDI and define MRTD DDI values, the regular MRTD values as provided by the regulatory authorities were multiplied by f DDI (Eq. 4).
To ensure clinical usefulness, we rounded off the calculated MRTD DDI values to the next higher dosage available for administration by considering marketed pharmaceutical formulations (e.g., if the calculated MRTD DDI value was 3.69 mg, we rounded it off to 5 mg if 5 mg tablets were available).
SPC information on dosage adjustments in pharmacokinetic DDI
We used the SPC of the statin's originator brand as the source of information on the management of statins co-administered with other drugs. Dosage information included information on whether the combination was contraindicated or a specific MRTD DDI_SPC was defined, or whether a general dosage recommendation (e.g. to reduce the dose) was made.
Retrospective detection of DDI in electronic prescriptions
We retrospectively assessed consecutive electronic prescriptions in a tertiary care teaching hospital during a 1-year study period (1 November 2006 to 31 October 2007). Electronic prescriptions were issued either in outpatient clinics (printout on a prescription form) or for patients at discharge (as documented in the discharge letter). Included in the study were electronic prescriptions if they contained at least two oral single drug preparations of which one was an instant release statin with a defined dosage regimen. We regarded all DDI as separate interactions of two active ingredients and did not consider potentially interfering additional DDI or combinations of more than two interacting drugs except for fixed combinations with reliable pharmacokinetic data. All prescriptions were screened with a standard drug interaction knowledge base, including information on 9453 DDI pairs from textbooks [14] , electronic data sources [15] , SPCs, and information from published clinical trials. We thereby identified DDI of which the resulting ADR was potentially clinically relevant but not serious (moderate DDI alert), or of which an ADR was considered potentially serious but preventable (major DDI alert). We first assessed the number of alerts for moderate and major DDI irrespective of the prescribed dosages. We then re-analyzed the data considering actually prescribed doses and assessed the impact of taking the actually prescribed dosages into account according to (1) the SPC and (2) pharmacokinetic studies on the frequency of DDI alerts.
DDI alerts were categorized as appropriate if (1) 
Results

DDI information in SPCs and pharmacokinetic studies
Screening the German SPCs of the six statin originator brands marketed in Germany revealed the following: (1) the combination of lovastatin is contraindicated with three macrolide antibiotics (i.e., erythromycin, clarithromycin, and telithromycin), two azole antifungals (i.e., itraconazole and ketoconazole), and all human immunodeficiency virus (HIV) protease inhibitors; (2) the same contraindications apply to simvastatin; (3) rosuvastatin is contraindicated with cyclosporine and all HIV protease inhibitors. No other active ingredient was labeled as contraindicated when coadministered with a statin. The SPC provided specific MRTD DDI_SPC values for 20 combinations of a statin with another drug. General dosage information was provided for 17 specific drug combinations and-more generally-for the co-administration of lovastatin, simvastatin, or atorvastatin with CYP 3A4 inhibitors and atorvastatin with CYP 3A4 inductors.
Screening of the literature yielded 72 pharmacokinetic interaction studies with statins; 44 of these reported significant (p<0.05) changes in the statin AUC (Table 1) . These studies covered 43 interacting statin-drug combinations, most of which involved simvastatin (n=16). The f DDI values derived from the pharmacokinetic studies suggested statin dosage reductions by a minimum of 13% (pravastatin and itraconazole) up to a maximum of 95% (simvastatin and itraconazole) of the regular MRTD value, which was set to 100%.
Defined MRTD values were available in both the SPC and the literature for 14 statin-drug combinations. The MRTD values correlated significantly (Spearman R=0.77, p=0.001) (Fig. 1) , confirming the theoretical approach to deduce MRTD DDI values from pharmacokinetic studies.
Analysis of DDI alerts in electronic prescriptions
In the 1-year study period, 2457 statin-containing medication regimens, each containing on average four drugs (25% quartile=3; 75% quartile=6), matched the inclusion criteria. These prescriptions resulted in 8687 prescribed statin-drug pairs (referring to 879 distinct statin-drug combinations). Classification of DDI severity was available for 206 statin-drug pairs (referring to 38 distinct statin-drug combinations); in 73 of these statin-drug pairs (referring to 16 distinct statin-drug combinations), the DDI and the corresponding alert were classified as moderate or major due to a pharmacokinetic DDI increasing statin toxicity ( Table 2) .
The SPC provided MRTD information for 70 of these 73 prescribed statin-drug pairs (96%). Three pairs with well-documented interactions were not mentioned in the SPC (atorvastatin with phenytoin and lovastatin with diltiazem, n=2 prescriptions; appropriate alert). For 39 prescribed statin-drug pairs, the SPC provided general warnings and suggested dosage reduction (appropriate alert). MRTD DDI_SPC values were available for 31 statindrug pairs, and in 12 of these prescriptions the prescribed daily dose exceeded the corresponding MRTD DDI_SPC values (appropriate alert). Accordingly, for 19 prescribed statin-drug pairs, the DDI alert was inappropriate, with prescribed daily doses ≤MRTD DDI_SPC . Hence, according Values are given as f DDI [which is the extent of dosage adjustment required to maintain exposure within safe and effective limits-ratio of the AUC, determined in the absence and presence of the drug-drug interaction (DDI)]. Square brackets indicate the relevant reference a Substances which may require further dosage adjustments or specific monitoring due to additional pharmacodynamic interaction to SPC information, 54 of the 73 alerts (74%) were classified as appropriate. This result indicates that consideration of the dosage adjustments, as provided in the SPCs, eliminated inappropriate alerts and reduced the total number of DDI alerts by 26%. Screening of the literature provided information on pharmacokinetic data for 70 of the 73 prescribed statindrug pairs. Information from controlled clinical trials was lacking for three prescribed pairs (atorvastatin with phenytoin or fluconazole; n=2 prescriptions). Data from several case reports suggest an interaction between phenytoin and atorvastatin that is potentially mediated via CYP3A4 induction by phenytoin and which results in reduced statin efficacy. However, because defined upper dose limits of atorvastatin were missing, these alerts were rated as appropriate. Accordingly, calculated MRTD DDI values were available in 70 prescriptions. The statin dosage exceeded the corresponding MRTD DDI value in 30 of these statin-drug pairs; consequently, the alert was appropriate. However, in 40 prescriptions, the statin dosage was below the respective MRTD DDI value and, therefore, the alert was categorized as inappropriate (Fig. 2) . Thus, by taking quantitative dosage information from pharmacokinetic studies into consideration, 40 of the 73 alerts were categorized as inappropriate, which reduced the total number of DDI alerts by 55%, i.e., a significantly higher reduction than by MRTD DDI_SPC values (p<0.001) ( Fig. 3) . Moreover, for statin-drug pairs for which both MRTD DDI and MRTD DDI_SPC values were available, the classification agreement in terms of DDI alerts was high; 27 of 32 DDI alerts were categorized consistently.
Discussion
The risk of rhabdomyolysis under statin therapy correlates with plasma concentrations [5] and thus increases with higher doses or whenever drugs reducing statin clearance are co-administered [16] . However, the long-term coadministration of statins has been proven to be safe whenever low statin doses are maintained [8, 9] , stressing the importance of keeping statin concentrations below a toxic range. We therefore defined upper dose limits in DDI that allow for a safe and effective statin administration in drug combinations as well by using AUC ratios to quantify the impact of an interaction on statin exposure. Indeed, estimated MRTD DDI values for statin-cyclosporine coadministration corresponded well to dosages given in clinical trials without adverse effects [8, 9, 17] , suggesting that concentration-dependent ADR of statins may be prevented by taking upper dose limits into account. The definition of upper dose limits will facilitate the selection of clinically relevant DDI and help prevent cases of overalerting in electronic prescribing systems. In our study, the number of electronic DDI alerts in electronic prescriptions involving statins was reduced by 26% when MRTD DDI_SPC values were used as provided in the respective SPC, and by 55% when MRTD DDI values derived from pharmacokinetic studies were applied. Thus, our results demonstrate the impact of medication characteristics on alert specificity. To further personalize presented alerts, patient characteristics, such as co-morbidity, may need to be considered.
The study described here had a number of general limitations. First, in most interaction studies, the AUC is determined after the administration of a single dose and does not consider changes in drug exposure when multiple doses are given. This may lead to an underestimation of the DDI involving drugs with nonlinear kinetics and an overestimation of the extent in the case of induction. Second, we had no access to unpublished interaction data of the marketing authorization holders that may have formed the basis for the SPC information. Third, except for well-documented triplets, we only analyzed pairs of interacting active ingredients and ignored DDI with multiple combinations with potentially opposing effects, even though the patients took an average of four drugs. To date, little is known about the influence on the plasma concentrations of a substrate if more than one interacting drug (e.g., an inhibitor and an inductor) is given concurrently. Moreover, we did not consider any of the patient characteristics that may potentially increase the susceptibility to experience an ADR (e.g., hereditary muscle diseases) or factors that may modify exposure with the inhibitor or further reduce MRTD values, such as impairment of elimination organ function or pharmacogenetic polymorphisms. However, with the exception of pravastatin, statins are mainly metabolized in the liver, and renal insufficiency does not require dosage adjustment except for rosuvastatin [18] . Simvastatin, lovastatin, and atorvastatin are mainly metabolized via CYP3A4, which does not show any clinically relevant polymorphism. Only fluvastatin and, to a small extent, rosuvastatin are metabolized via polymorphic CYP2C9. For fluvastatin, it has been shown that although the pharmacokinetics of the active enantiomer are altered in poor metabolizers, the cholesterol lowering activity was similar in different genotypes [19] , suggesting that this polymorphism influences neither efficacy nor safety. While quite successful for statins, the extrapolation of our approach to other drug classes requires consideration of the following constraints. Firstly, our approach aims at preventing type A ADR, which are triggered by increased drug exposure as a consequence of pharmacokinetic DDI. We did not consider additive pharmacodynamic effects (e.g., in the case of gemfibrozil) because quantitative information on how to deal with additive or even synergistic drug effects is lacking. Some type A adverse reactions will manifest rapidly whenever a given threshold concentration is reached (e.g., carbamazepine [20]), and these ADR therefore more closely depend on factors modulating absorption rate and peak concentration than parameters affecting total drug exposure as reflected in the AUC. In these cases, our approach may possibly produce false negative alerts. Secondly, the use of AUC ratios to extrapolate dosage adjustments requires linear pharmacokinetics, with the plasma concentrations being proportional to the administered dose range. Thus, this method cannot readily be applied to compounds with non-linear pharmacokinetics. In these cases, the f DDI calculation will have to be modified to consider concentration-dependent changes in clearance. Third, the approach does not fully consider potential dose-dependency of DDI. In particular, if an inhibitor is not very potent, plateau effects may not be reached at low therapeutic doses. In these cases, inhibition effects may increase in a dose-dependent manner, and the extent of expected AUC changes should then also be adapted to the administered doses. Moreover, the approach focuses on pharmacokinetic DDI known to be relevant and most often involving CYP isozymes or drug transporters. In this setting, resulting AUC changes can be used to define dosage adjustments, with the exception of inactive or toxic prodrugs. Our approach may not be applied without modification to pharmacokinetic interactions occurring at the stages of drug release, absorption, and distribution. However, only a minority of these has been considered to be clinically relevant. In particular, pharmacokinetic interactions modifying drug absorption are either of minor clinical relevance (prolongation of t max without changes in total drug exposure) or, if a rapid onset of action is required, avoidable by adhering to a 2-h time gap in administration (e.g., bivalent cations and levodopa [21]). 
Conclusion
By deducing the upper dose limits for statins from pharmacokinetic studies, DDI alerts in CDS systems become more specific and may substantially reduce overalerting. This appears also to be a promising approach for DDI involving other drugs with linear kinetics and a slow onset of action. 
